Cross-resistance studies involving a selected group of anticancer agents, most of which are radiomimetic, and derived mutants of Escherichia coli (strain S) have been undertaken in the hope of providing insight into the mechanism of action of anticancer agents. Despite the complexity of such a task, the data now available indicate that specific patterns of cross-resistance can be induced by these agents.
This report will be concerned with cross-resistance relationships between 1-methyl-3-nitro-1-nitrosoguanidine-induced resistant mutants of E. coli strain S and 1-chloroethyl-and 1-chloropropyl-3-nitro-1-nitrosoguanidine, nitrogen mustard, nitromin, azaserine, 6-diazo-5-oxonorleucine, Mitomycin C, penicillin, and ultraviolet light. Following reports will deal with cross-resistance patterns among mutants induced by the other compounds in the above test series.
Two assumptions are basic to these studies: the first is that organisms should be cross-resistant to toxic agents similar in chemical composition or mode of action (Szybalski and Bryson, 1952 , 1954 , 1955 Szybalski, 1953 Szybalski, , 1954 ; and the converse, that cross-resistance between toxic agents indicates a common mechanism of action on the cell.
Several of the above compounds were classified as radiomimetic for several reasons. 1-Methyl-3-nitro-1-nitrosoguanidine has anticancer activity in mice (Goldin, Venditti, and Kline, 1959 ; Greene and Greenberg, 1960; Skinner et al., 1960) . In bacteria, this compound is mutagenic (Mandell and Greenberg, 1960) , it induces filament formation , and is reversed by sulfhydryl-containing compounds 1-methyl-3-nitro-1-nitrosoguanidine no longer forms filaments when challenged with this compound, nitrogen mustard, nitromin, azaserine, or Mitomycin C . The same relationship has been reported between E. coli strain B and its ultraviolet light-resistant mutant B/r (Payne et al., 1956; Harold and Ziporin, 1958) ; only the sensitive strain forms filaments after irradiation with ultraviolet light. 1-Chloroethyl-and 1-chloropropyl-3-nitro-1-nitrosoguanidine are obvious analogues of 1-methyl-3-nitro-1-nitrosoguanidine. The radiomimetic properties of nitrogen mustard and related alkylating agents are well established (Philips, 1950; Alexander and Stacey, 1958) . Nitromin is an analogue (N-oxide) of nitrogen mustard. Azaserine is an anticancer agent (Stock et al., 1954) , a mutagen Szybalski, 1958, 1959) , and it induces filament formation in E. coli (Maxwell and Nickel, 1954) . Mitomycin C, mutagenic in bacteria (Szybalski, 1958) , is an anticancer agent (Usubuchi et al., 1957) ; it induces lysogenic bacteria in the same manner as ultraviolet light (Myron Levine, personal communication) and it selectively inhibits deoxyribonucleic acid synthesis (Shiba et al., 1959) . Also, Mitomycin C-resistant tumors are resistant to nitromin and vice versa (Oboshi, 1959) . 6-Diazo-5-oxonorleucine behaves as a glutamine antagonist similar to azaserine in vertebrate systems (Levenberg, Melnick, and Buchanan, 1957) ; however, it is not a mutagen in bacteria (Szybalski, 1958) and does not induce filament formation in E. coli (Maxwell and Nickel, 1954; . Structurally, 6-diazo-5-oxonorleucine and azaserine are very similar. Penicillin was included as an antibacterial agent which has no anticancer activity, is not a mutagen, yet does induce filaments in bacteria (Thomas and Levine, 1945 the parent strain. This strain was found to be significantly more sensitive than strains H and K-12 to 1-methyl-3-nitro-1-nitrosoguanidine and to all other agents chosen for these studies.
Compounds. 1-Methyl-3-nitro-1-nitrosoguanidine was obtained from Aldrich Chemical Company, Milwaukee, Wisconsin, and recrystallized from ethanol. The 1-chloropropyl and 1-chloroethyl analogues of 1-methyl-3-nitro-1-nitrosoguanidine were kindly furnished by Dr. B. R. Baker, Stanford Research Institute. Nitrogen mustard was a gift from Dr. Nicholas E. Capeci of Merck Sharpe and Dohme Research Laboratories. Nitromin, azaserine, 6-diazo-5-oxonorleucine, and Mitomycin C were supplied by Cancer Chemotherapy National Service Center. Sodium penicillin G was purchased from Nutritional Biochemicals Corporation, Cleveland, Ohio.
Media. a) Phage broth (formula from Dr. A. D. Hershey) contained, per liter of distilled water, the following: peptone, 10 g; sodium chloride, 5.0 g; glucose, 1.0 g; and beef extract 3.0 g. b) M9 (Witkin, 1947) contained, per liter of distilled water: dibasic sodium phosphate, 5.8 g; monobasic potassium phosphate, 3.0 g; sodium chloride, 0.5 g; ammonium chloride, 1.0 g; gelatin (1% solution), 10 ml. Selection of drug-resistant mutants. Strain S was grown overnight in phage broth at 37 C in stationary culture. It was diluted 1:10 in phage broth and aerated for 3 hr at 37 C to obtain log phase cells. The culture was adjusted to an optical density of 0.35 at a wavelength of 525 m, (Beckman spectrophotometer, model B), a reading which corresponds to approximately 3.5 X 108 cells/ml by colony count. One-tenth milliliter of the adjusted culture was spread on 30-ml tryptone agar plates (pH 5.5) containing graded amounts of 1-methyl-3-nitro-1-nitrosoguanidine. Preliminary experiments demonstrated that colonies arising on 1-methyl-3-nitro-1-nitrosoguanidinecontaining M9 agar, or tryptone agar at pH 7.0, behaved the same as the sensitive parent strain when subcultured and retested. On tryptone agar, pH 5.5, however, the survivors were found to be genetically resistant. Furthermore, the amount of 1-methyl-3-nitro-1-nitrosoguanidine required to inhibit E. coli strain S was 100-to 1,000-fold less at pH 5.5 than at 7.0, even in agar containing proteinaceous matter. At pH 7.0, proteinaceous matter contained in tryptone agar significantly reduces the antibacterial activity of 1-methyl-3-nitro-1-nitrosoguanidine . The agar plates were incubated overnight at 37 C or until colonies were large enough to pick. Colonies (3 to 5 per plate) were arbitrarily picked from plates with isolated colonies and stored as stock cultures on tryptone-glucose-extract-agar slants. (The stability of the isolated mutants in the absence of 1-methyl-3-nitro-1-nitrosoguanidine is noteworthy, for in the year following their isolation no appreciable change in their resistance has been detected.) The degree of resistance to 1-methyl-3-nitro-1-nitrosoguanidine was determined by the gradient plate technique described below.
The 1-methyl-3-nitro-1-nitrosoguanidine-resistant strain designated as S/Ng 1 was derived by arbitrary selection of one of several apparently equally resistant mutants. The same procedure was followed to isolate second-step mutants, using first-step drug-resistant mutants instead of the parent strain S. Since 1-methyl-3-nitro-1-nitrosoguanidine is a mutagen (Mandell and Greenberg, 1960) , there was no difficulty isolating first-and second-step mutants once the pH effect was appreciated. However, attempts to isolate thirdstep mutants from the second-step mutant consistently failed.
Determination of degree of resistance and crossresistance. Resistance and cross-resistance were determined by the gradient plate technique (Szybalski and Bryson, 1954) . The assays were run in square, plastic, disposable petri dishes. A 30-ml bottom layer of tryptone agar, pH 5.5, was allowed to harden at an angle. Then a top layer of tryptone agar, pH 5.5, containing 1-methyl-3-nitro-1-nitrosoguanidine was poured with the plate level and allowed to equilibrate for 2 to 3 hr. Resistance to other compounds was determined similarly with these exceptions: (i) Gradient plates for 6-diazo-5-oxonorleucine, azaserine, and penicillin were made with M9 medium, since their activity was considerably reduced in tryptone agar independent of pH. (ii) Equilibration time for the more unstable 1-chloropropyl-and 1-chloroethyl-3-nitro-1-nitrosoguanidine, nitrogen mustard, azaserine, and 6-diazo-5-oxonorleucine was 1½ hr. (iii) On occasion, streaks on M9 agar containing 6-diazo-5-oxonorleucine, azaserine, and penicillin were faint. It was found useful to over-layer the plates with 0.15% triphenyltetrazolium chloride in 30 ml of M9 agar. To prevent washing of the streaks while over-layering, the streaks were covered with lens paper. Color change, a reduction of the reagent to a red formazan compound by respiring cells, was visible in 30 to 60 min at room temperature.
Resistance to ultraviolet light. To measure resistance to ultraviolet light, the bacteria were grown in phage broth overnight at 37 C. The 10 10 * The figures in the last two columns represeilt the factor of resistance (fold increase) compared with the parent strain set at unity (second column). The figures in parentheses (except ultraviolet light) represent the minimum inhibitory concentrations as estimated from gradient plates expressed as micrograms per ml. The ultraviolet light value is expressed as seconds per hit, with "hit" being defined as -ln (fraction of survivors). Data are derived from three to six independent assays. Resistant derivatives of strain S are the headings of the last two columns. Resistance to specific agents is conventionally represented by a bar. The number following the bar denotes the selective isolation step to resistance.
tryptone agar pH 7.0, incubated at 37 C overnight, and counted. The resistance of the bacterial strains was calculated as seconds per hit-hits being defined as follows:
-log. (fraction of survivors).
Nomenclature. The strain and mutant designations follow conventional practice. All the derivations were mutants of S. Resistance to specific agents is represented by a bar followed by the abbreviation of the agent. The number following the bar denotes the selective isolation step to resistance. Thus, S/Ng 1 is a first-step mutant of strain S resistant to 1-methyl-3-nitro-1-nitrosoguanidine. Table 1 shows the relative cross-resistance of S/Ng 1 and S/Ng 2 with 1-methyl-, 1-chloropropyl-, and 1-chloroethyl-3-nitro-1-nitrosoguanidine, nitrogen mustard, nitromin, Mitomycin C, azaserine, 6-diazo-5-oxonorleucine, penicillin, and ultraviolet light.
RESULTS
S/Ng 1 is resistant (13-to 45-fold) to all these agents except 6-diazo-5-oxonorleucine and penicillin. The degree of cross-resistance depends on the test compound, and there is no apparent relationship with chemical structure.
S/Ng 2 is remarkably similar in its resistance to 1-methyl-, 1-chloroethyl-, and 1-chloropropyl-3-nitro-1-nitrosoguanidine (450-to 520-fold). It is more sensitive than S/Ng 1 to nitrogen mustard, nitromin, and azaserine; slightly more resistant (2-fold) than S/Ng 1 to Mitomycin C; and no more resistant than S to 6-diazo-5-oxonorleucine and penicillin.
Inactivation by ultraviolet light of strains S, S/Ng 1, and S/Ng 2 followed first order kinetics. It is apparent that both S/Ng 1 and S/Ng 2 are more resistant to ultraviolet radiation than S, and to the same degree (Table 1) .
DISCUSSION
Resistance of E. coli to 1-methyl-3-nitro-1-nitrosoguanidine seems to occur in two qualitatively different stages. In the first, two phenomena appear: the organism is cross-resistant to a variety of other agents and to ultraviolet light; and it no longer responds to the drug by filament formation . This first stage would seem to result from a single genetic change, for second-step mutants arising from first-step mutants are rare, about 10-5 of the mutant population, and should enjoy no selective advantage over the first-step mutant.
To describe the phenomena accompanying this first stage with 1-methyl-3-nitro-1-nitrosoguanidine, we will, for the time being, use the term radioresistance. In the second stage, the organism becomes more resistant to 1-methyl-3-nitro-1-nitrosoguanidine, the chemical entity, and to closely related structures, without a concomitant increase in resistance to other radiomimetic agents or to ultraviolet light. We will call this chemoresistance. It has been found (Kilgore, Morris, and Greenberg, 1961 ) that chemoresistance to 1-methyl-3-nitro-1-nitrosoguanidine depends on the nitroguanidine configuration on the molecule.
It should be noted that the acquisition of chemoresistance to 1-methyl-3-nitro-1-nitrosoguanidine was accompanied by a reversion toward the sensitivity of the parent strain S to nitrogen mustard, nitromin, and azaserine. It should be noted in passing that neither 1-methyl-3-nitro-1-nitrosoguanidine-resistant mutant was resistant to 6-diazo-5-oxonorleucine or penicillin. These observations, to be extended and discussed in a following report, validate for the present the classification of radiomimetic agents and the exclusion of 6-diazo-5-oxonorleucine from this class.
SUMMARY
Two sequential-step mutants of Escherichia coli strain S, resistant to 1-methyl-3-nitro-1-nitroso-guanidine, were tested for their resistance to other radiomimetic compounds and to ultraviolet light. S/Ng 1, the first-step resistant mutant, was significantly resistant to 1-chloroethyl-3-nitro-1-nitrosoguanidine, 1-chloropropyl-3-nitro-1-nitrosoguanidine, nitrogen mustard, nitromin, azaserine, and Mitomycin C. It was as sensitive as the parent strain S to 6-diazo-5-oxo-L-norleucine and penicillin.
The second-step resistant mutant (S/Ng 2) was significantly more resistant than S/Ng 1 to 1-methyl-, 1-chloroethyl-, and 1-chloropropyl-3-nitro-1-nitrosoguanidine. It was slightly (2-fold) more resistant to Mitomycin C, but much more sensitive to nitrogen mustard and nitromin, and slightly more sensitive to azaserine than was S/Ng 1. It was as sensitive as S and S/Ng 1 to 6-diazo-5-oxonorleucine and penicillin.
S/Ng 1 and S/Ng 2 responded similarly to ultraviolet light; both were 10 times more resistant than S.
